Abstract. The near-surface mounted (NSM) fibre reinforced polymer (FRP) technique is a relatively recent system for strengthening concrete structures. Bond is a key factor in its behaviour, and is affected by many factors whose influence can only be tested through experimental studies. In this study, the modified pull-out test was used to study the effect of epoxy properties and bond length on the behaviour of NSM FRP bars. Three epoxy types, two FRP materials (carbon and glass) and four bond lengths (6d b , 12d b , 24d b and 30d b ) are used. The load capacity, slips at the loaded end and free end and average bond stress are all analysed. The test results indicate that the role of epoxy properties appear to be a key factor in bond performance in the NSM FRP strengthening technique, and that their effect varies depending on bond length and FRP properties.
Introduction
The strengthening of concrete, masonry and wood members has become an important issue in view of the urgent need to increase the capacity of many old buildings. The most common techniques for strengthening reinforced concrete (RC) structures using fibre reinforced polymer (FRP) systems are externally bonded reinforcement (EBR) and nearsurface mounted (NSM) reinforcement (ACI 440.2R-08 2008; Bulavs et al. 2005 , Hajsadeghi et al. 2011 . The NSM FRP technique is the more recent and consequently not as much is known about it as is the case with EBR FRP methodology. Compared to EBR, NSM reinforcement has advantages in terms of better protection of FRP, aesthetics, and bond behaviour (De Lorenzis, Teng 2007) . From the mechanical point of view, the NSM technique is more effective in flexural and shear strengthening (Barros et al. 2007) , the bond between NSM FRP and concrete being the main factor affecting the efficiency of the methodology. Several studies have investigated bond behaviour of NSM reinforcement when the technique is used, and the effect of the main factors involved.
De Lorenzis et al. (2002) performed an experimental study of NSM bond behaviour, using a modified pullout test, to investigate the effect of the type of FRP rod (material and surface pattern), groove-filling material, bond length and groove size on the bond behaviour of NSM bars in concrete. The results showed that for NSM rods bonded with epoxy paste, as the groove size or bond length increased, so did the load capacity. In specimens with cement mortar, splitting of the cover was more frequent than in specimens with epoxy, due to the lower tensile strength of the material. The mode of failure of specimens with ribbed glass fibre reinforced polymer (GFRP) rods ranged from splitting of the epoxy cover, accompanied by cracking of the concrete surrounding the groove, to failure at the epoxy-concrete interface, depending on the groove depth. Soliman et al. (2011) presented an experimental study of the bond behaviour of NSM FRP bars in which concrete tension failure appeared as the main failure mode for most of the tested specimens; groove size and environmental conditions had only a small effect on the failure load. Galati and De Lorenzis (2009) studied ex pe rimentally the effect of construction details and other factors on NSM bond behaviour. The groove dimensions, properties of the bonding materials and type of FRP bars showed a great effect either on the load capacity or on the mode of failure. Sharaky et al. (2013a Sharaky et al. ( , 2013b used the modified pull-out test (De Lorenzis et al. 2002; Soliman et al. 2011) to study the effect of construction de-tails, characteristics of FRP bars, adhesive properties, concrete strength and bond length on the bond behaviour of NSM bars. The main failure modes were bar-epoxy interface failure in specimens with NSM carbon fibre reinforced polymer (CFRP) bars, while epoxy splitting and bar damage in specimens with NSM GFRP bars. As the bar diameter, strength and elasticity modulus of adhesive and bond length increased, so did the failure load. Construction details and concrete properties had slight effect on failure load due to bar pull-out or epoxy splitting. Novidis et al. (2007) studied the bond behaviour of NSM bars. The test results indicated that increasing the groove size resulted in an increase in the average bond strength for failure controlled by the interface between bar and epoxy paste. In addition, increasing the bond length for a given groove size increased the load capacity of the joint. A single shear test was performed to study the bond performance of EBR and NSM FRP systems by Bilotta et al. (2011) . The results showed that the ratios of tensile stresses of NSM reinforcement at failure load to the strength of FRP reinforcement was higher than those attained by EBR systems. Sena-Cruz et al. (2012) studied bond behaviour between glulam and GFRP rods, applied according to the NSM strengthening technique. Observed failure modes included glulam shear failure, interfacial failure (glulam-adhesive and FRP-adhesive) and adhesive splitting. Maximum pull-out force, and the loaded and free ends slips, increased with bond length, while bond strength decreased. A rougher external surface of the rod, and a deeper installation of the GFRP into the groove, made the bond perform better.
The use of NSM technique for strengthening RC beams has also been studied elsewhere (Hassan, Rizkalla 2003 El-Hacha, Rizkalla 2004; Barros, Fortes 2005; Al Mahmoud et al. 2012 Dias, Barros 2010; Costa, Barros 2010; Soliman et al. 2010; Barros et al. 2011) . It has been reported that concrete strength has no effect on the load carrying capacity of the strengthened beam when a NSM system failure occurs (Hassan, Rizkalla 2003 Al Mahmoud et al. 2012) . On the other hand, as the tensile strength of epoxy paste and groove dimensions increased the failure load also increased (Hassan, Rizkalla 2004) . Due to the high number of factors affecting NSM bond behaviour, more experimental studies are needed for the effect of these factors to be understood, and formulations to help in the design of this system to be obtained. This paper examines the effect of epoxy properties on the behaviour of NSM bars. A series of experimental tests by means of the modified pull-out test previously indicated (De Lorenzis et al. 2002; Soliman et al. 2011; Sharaky et al. 2013a Sharaky et al. , 2013b were carried out. Groove dimensions and concrete type were kept constant. Three epoxy types, two FRP materials (CFRP and GFRP) and bar surfaces and four bond lengths were used. The load capacity, mode of failure and average bond stress-slip are analysed, and results for the different variables are compared and discussed.
Experimental program

Test specimens
In the experimental program thirty eight specimens having configuration similar to that reported in (Sharaky et al. 2013a (Sharaky et al. , 2013b were tested. The specimens consisted of C shaped concrete block having outside dimensions of 350×350 mm and inside dimensions of 170×180 mm (Fig. 1) . Two specimens' heights were used (300 and 350 mm). The grooves were shaped by creating two saw cuts and using a hammer to manually remove the remaining concrete in-between the cuts. After cleaning the groove with compressed air and half-filling it with the epoxy resin, the bar was introduced and additional resin was subsequently added to fill the groove till levelling it with the surrounding concrete surface.
Characteristics of materials
The average compressive strength of concrete was 23 MPa while the tensile strength was 2.3 MPa, based on the experimental tests performed on standard cylinders (150×300 mm). Two types of FRP bars, carbon (MBrace, BASF) and glass (ComBAR, SCHOK), were used. The properties of the FRP bars obtained from the experimen- Fig. 1 . Test specimen, test setup and instrumentation 
tal tests (according to the ACI 440.3R-04 2004) were 170 and 64 GPa for E f with a corresponding f fu equals 2350 and 1350 for CFRP and GFRP bars respectively. The surface treatment of the FRP bars is shown in Figure 2 . The NSM bars were installed into the grooves using three types of epoxy resins (A, B and D). The first resin (A) MBrace ADHESIVE HT (BASF) consisted of primer painted to the groove surfaces before introducing the main epoxy paste. The second resin (B) was POLYFIXER EP (ROBERLO). The third resin (D) was obtained by adding a special additive to the second resin (Polypropylene glycol diglycidyl ether, Grilonit® F 704 at 3.76% of weight) in order to obtain different mechanical properties. The properties of the adhesives obtained from experimental tests performed according to the recommendations of ISO-527-1 (1993) and UNE-EN13412 (2008) were 5761, 8000 and 6900 MPa for the modulus of elasticity with a corresponding compressive strength equal to 70.2, 95.5 and 84.8 MPa, while the tensile strength was 28.9, 23 and 21 MPa for the three types of epoxy A, B and D respectively.
Test set up, instrumentation and test variables
The specimens were tested using the modified pull-out test set up shown in Figure 1 . Four steel bars were used to attach the specimens to the testing machine. The load was applied to the NSM bar under a displacement controlled rate of 0.003 mm/s up to failure. The loaded end slip as well as the free end slip was measured using displacement transducers (LVDTs) as shown in Figure 1 . Adhesive type (A, B, D), FRP material (C = carbon, G = glass) and bond length (S = 48, M = 96 mm, L = 192 mm, and T = 240 mm) were the main variables in the tests. All specimens had the same groove size (16×16 mm 2 ), and only one size of FRP bar, 8 mm in diameter, was used. The details of the specimens are showed in Table 1 where the last characters in the specimen name indicate the specimen number (a, b, c). Table 2 shows the test results for specimens with CFRP bars while Table 3 shows the test results for specimens with GFRP bars. In these tables, the type of epoxy, the maximum load of the NSM joint (F max ), the average value of maximum load for analogous specimens (F max,av ), the maximum tensile stress in the FRP bar (f f,max = F max,av / A f , A f is the cross section area of the FRP bar), the efficiency factor (η = f f,max / f fu ) , the average value of the maximum bond stress at the bar epoxy interface (F max , av at F = F max,av ) and free end slip (s fe ) are reported. The average bond stress-slip curves for all the tested specimen are also reported and discussed. The average bond stress (F av) and loaded end slip (s le ) are obtained from:
Results and discussion
where τ av is the average bond stress at the bar epoxy interface, F is the applied force, d b is the bar diameter, L b is the bond length, s t is the average measured slip from the top LVDTs, L is the length between the top surface of bonded length and top LVDTs, E f is the modulus of elasticity of the bar, and A f is the crosssectional area. The test results are discussed in detail in the following. 
NSM CFRP results
In this section the load capacity, failure mode and average bond stress of the CFRP bars are discussed. As seen in Table 2 , the load capacity of the NSM joint increased as the bond length increased whatever the epoxy type. But the load capacity also increased when the epoxy type changed from A to B or from A to D, although at a different percentage. The predominant failure mode of specimens with NSM CFRP bars was bar-epoxy interface failure (Fig. 3a) , except for the two specimens TDC-a and TDC-b that failed due to concrete cracking (Fig. 3b) .
Longitudinal splitting cracks appeared in the epoxy paste in specimens bonded with epoxy A (Fig. 4a) , while concrete tensile cracks appeared on the concrete's surface in specimens bonded with epoxy D (specimens TDC-a and TDC-b, Fig. 4b ).
In specimens with CFRP bars bonded with epoxy A, increasing the L b from 12d b to 24d b increased the average load capacity (F max,av To assess the effect of epoxy type on the load capacity, specimens bonded with epoxy D were also tested.
Results for these specimens indicated that increasing L b from 12d b to 24d b increased the F max,av by 56.64%, while increasing the L b from 12d b to 30d b increased F max,av by 94.85%. In contrast, changing the epoxy type from B to D decreased F max,av by 9.91% and 3.97% for the bond lengths 12d b and 24d b , while it increased F max,av by 1.91% for specimens with bond length 30 d b .
From these results it is clear that the effect of epoxy type on load capacity was influenced by the bond length (and vice versa). When the difference in mechanical properties between epoxy D and A was 1193 MPa (+19.8%), B-E = bar epoxy interface failure; CC = concrete cracking; LC = longitudinal cracking of the epoxy. 14.6 MPa (+20.8) and 2.1 MPa (+11.1) for the modulus of elasticity, compressive strength and tensile strength respectively, specimens bonded with epoxy D had higher load capacities, by approximately 8%, 15.6% and 19.97% for bond lengths 12d b , 24d b and 30d b respectively, than those bonded with epoxy A (with the same failure mode). Although the difference in epoxy properties between types B and D was 1100 MPa (+13.8%), 10.7 MPa (+10.7) and 2.0 MPa (+8.7%) for modulus of elasticity, compressive strength and tensile strength respectively (similar absolute values to those between epoxy D and A), changing the epoxy from B to D caused a slight increase in the load capacities of the NSM bars at bond length (30d b ), while at other lengths (12d b and 24 d b ) the load experienced a slight reduction. It would seem that the modification in the resin enhanced the bond behaviour with this kind of FRP bar by improving the cohesion and friction between the bar and the epoxy paste, and decreasing the slip for longer bond lengths.
Figures 4-6 allow the effect of L b and epoxy type on the average bond stress (τ av ) calculated using Eqn (1) to be compared. In Figure 5 the average bond stress slip curves for specimens bonded with epoxy A is shown. It can be seen that as the bond length increases, the average bond stress decreases due to the non-uniform stress distribution along the bond lengths 12d b and 24d b, while there is no effect on the average bond stress when the L b changes from 24d b to 30d b as the failure converts from a bar-epoxy interface failure to concrete cracking. The same findings were also observed in the case of specimens bonded with epoxy B and D. On the other hand, these specimens experienced higher average bond stress than those bonded with epoxy A for all bond lengths (Figs 5 and 6).
NSM GFRP results
The effect of load capacity, failure modes and the average bond stress of specimens with GFRP bars are herein discussed. As seen in Table 3 , the load capacity of the Using epoxy D enhanced the load capacity of the joint by smaller percentages than when epoxy B was used. Although, as mentioned previously, the difference in epoxy properties between epoxy D and A was nearly equal to that between epoxy B and D, specimens bonded with epoxy D had higher load capacities than those bonded with epoxy A with the dissimilar failure mode. This may have been due to their respective chemical and physical properties, which may have enhanced the cohesion and friction between the bar and the epoxy paste. It seems that in the cases of epoxy B and epoxy D, as the grooved surface of the GFRP bars permitted slips at the bar-epoxy interface, decreasing modules of elasticity of the epoxy paste allowed the bar to deform and then better distribute the bond stress along the bonded length of the bar, without any bar damage in the case of epoxy D.
In this section the effect of L b and epoxy type on τ av is explained. Figure 8 shows the average bond stressslip curves for specimens bonded with epoxy A. It can be seen that as L b increases τ av decreases as a result of the non-uniform stress distribution lengthwise L b . These results assured those reported in Sena-Cruz et al. (2012) , Soliman et al. (2011 ), Sharaky et al. (2013a , 2013b .
The specimens with GFRP bars bonded with epoxy B and D experienced higher τ av and higher slip than the corresponding specimens bonded with epoxy A (Figs 8-10 ). This may have been due to damage to the grooved surface of the bar, which increased bar slip. Specimens with NSM GFRP bars, and lower E f , experienced NSM joint increased as the L b increased whatever the epoxy type. Moreover, the load also increased as the epoxy type changed from A to B or from A to D. The failure mode of specimens with GFRP bars depended on the epoxy type.
In specimens with GFRP bars bonded with epoxy A, at the beginning of loading, longitudinal splitting cracks appeared on the epoxy surface. As the load increased, the longitudinal crack propagated until failure. At failure, epoxy splitting caused either the detachment of the surrounding concrete or concrete cracking depended on the bond length (Fig. 7a ). For specimens with NSM GFRP bars bonded with epoxy B and D, failures took place with concrete cracking and bar-epoxy interface failure, or bar damage depending mainly on bond length (Figs 7b and c) .
In specimens with GFRP bars bonded using epoxy A, increasing the L b from 12d b to 24d b increased F max,av by 33.75%. Increasing L b from 6d b to 12d b and from 6d b to 24d b increased F max,av by 77.25% and 158.49% respectively, while increasing it from 12d b to 24d b and from 12d b to 30d b increased F max,av by 45.6% and 77.34% respectively. higher slips than those with NSM CFRP bars bonded with the same epoxy type.
Comparison and discussion of results
The results of this study show the influence of adhesive type on the bond behaviour of NSM FRP reinforcement, something that has also been reported in previous studies (Sharaky et al. 2013b; Novidis et al. 2007; Galati, De Lorenzis 2009) . The results indicate that with the same axial stiffness, changing the epoxy type increases the failure load of NSM FRP bars. Figures 11 and 12 show the effect of epoxy type on τ max , av and the load efficiency (F max , av /F u , where F u is the maximum load for FRP bars) respectively of specimens with CFRP bars for three bond lengths: 12d b , 24d b and 30 d b . Figure 11 shows how τ max , av increased in line with increases in tensile strength and the modulus of elasticity of the epoxy. By contrast, τ max , av decreased as the bond length increased, whatever the epoxy type. The percentage decrease in τ max , av was insignificant as the L b increased from 24d b to 30 d b .
On the other hand, the load efficiency of the joint increased as the epoxy properties increased (Fig. 12) . The load efficiency also increased as L b increased, whatever the type of epoxy. Specimens with GFRP bars bonded with epoxy D (Figs 13, 14 ) experienced higher bond stress and load efficiency than the corresponding specimens bonded with epoxy A and B.
Moreover, the load efficiencies were higher than in the corresponding specimens with CFRP bars, as can be seen by comparing Figures 12 and 14 . cracks looked on the epoxy surface for relatively low loads; these progressed until failure, producing detachment of the surrounding concrete or concrete cracking, depending on the bond length. For specimens with GFRP bars bonded with epoxy B and D, failures took place with concrete cracking, bar-epoxy interface failure, or bar damage, depending mainly on bond length and epoxy type.
In specimens with CFRP bars, changing the adhesive type from A to B enhanced F max,av of the joint by approximately 44.27%, 20.38% and 16.73% for bond lengths 12d b , 24d b and 30d b respectively. Furthermore, changing the adhesive type from A to D enhanced F max,av of the joint by approximately 8%, 15.6% and 19.97% for bond lengths 12d b , 24d b and 30d b respectively. Although the differences in properties between epoxy B and D were nearly the same as between epoxy A and D, changing the epoxy from B to D resulted in a slight increase F max,av of the NSM bars at bond length 30d b , and a decrease at other lengths (12d b and 24 d b ). It seems that this change in epoxy type alters the bond behaviour with this kind of FRP bar by enhancing the cohesion and friction between the bar and epoxy paste and decreasing the slip at greater bond lengths.
For specimens with GFRP bars, changing the adhesive type from A to B enhanced F max,av of the joint by approximately 21.47% and 32.45% for bond lengths 12d b and 24d b respectively; changing the adhesive type from A to D enhanced F max,av of the joint by approximately 18.8% and 46.26% for bond length 12d b and 24d b respectively. Although the difference in properties between epoxy D and A was nearly the same as between epoxy B and D, specimens bonded with epoxy D had a higher load capacity than those bonded with epoxy A, although with a dissimilar failure mode epoxy D slightly enhanced F max,av of the joint with respect to specimens bonded with epoxy B. It seems that with this latter kind of epoxy, as the grooved surface of the GFRP bars permitted slips at the bar-epoxy interface, decreasing modules of elasticity (as a result of adding additive to obtain epoxy D) allowed better distribution of the bond stress along the bonded length of the bar, without bar damage in the case of epoxy D.
Bond length had a great effect on the bond behaviour of NSM joints; increasing it raised F max,av and lowered τ av of NSM FRP bars whatever the epoxy type. With the same FRP axial stiffness, the load capacity of NSM FRP bars was dependent on the epoxy type and bond length. This suggests a link between the influence of these two factors, and a need for further experimental and numerical work. 
Conclusions
In this paper a modified pull-out test was performed to investigate the effect of the adhesive properties on the bond performance of NSM FRP bars in concrete. Three types of epoxy adhesive (A, B and D) were used to bond the FRP bars to concrete: type A (MBrace ADHESIVE HT); type B (POLYFIXER EP); and type D, obtained by modifying type B. Two types of FRP bars, carbon (C) and glass (G), 8 mm in diameter, were used. Three bond lengths (12d b , 24d b , 30d b ) were used for specimens with CFRP bars while four bond lengths (6d b , 12d b , 24d b , 30d b ) were used for specimens with GFRP bars. The load capacity, mode of failure and loaded end slip were recorded. From the results it was concluded that:
The adhesive type had a great effect on the behaviour of NSM bars. This effect varied according to the bond length and FRP properties.
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